Gastrointestinal (GI) digestion, which facilitates the decomposition of ingested food into absorbable small molecules for further utilization in the body, necessitates both neural-and hormonalregulated coordination of GI motility and secretion of digestive enzymes in the GI tract. The dysregulation of such coordination is likely associated with a wide range of disorders in the digestive system. Hawthorn Nectar (HN) is a health supplement for improving the wellness of the gastrointestinal digestive system in humans. The ingredients of HN, which include hawthorn, citrus, germinated barley and honeysuckle, are commonly prescribed to increase appetite and to treat digestive disorders in the practice of traditional Chinese medicine. Pharmacological studies have also shown that these herbs can produce beneficial effects on the GI digestive system. In the present study, HN was first examined for its effects on gastric emptying and postprandial intestinal motility in mice. The activities of digestive enzymes in gastric and pancreatic juice were also measured in HN-pretreated mice. Our results showed that long-term HN treatment increased the extents of gastric emptying and postprandial intestinal motility in mice. HN pretreatment also stimulated the activities of intestinal amylase and lipase in mice, while gastric pepsin and intestinal chymotrypsin activities remained unchanged. However, intestinal trypsin activity was suppressed by HN pretreatment. In conclusion, long-term HN consumption may produce beneficial effect on GI digestive function in humans.
Introduction
Gastrointestinal (GI) digestion refers to the process by which ingested food is decomposed into small molecules that can be absorbed and thus provide fuel molecules and build blocks for cellular metabolism in the body [1] [2] . Coordinated GI motility and concerted digestive enzyme secretion are essential to facilitate orderly and complete GI digestion [3] - [7] . GI motility, which mechanically churns ingested food stuff into small pieces, is mediated by the fine-tuned contraction and relaxation of the enteral smooth muscle layers [3] . The orchestrated GI movements can promote the mixing and grinding of food as well as nutrient dispersal and emptying in the GI tract [3] . On the other hand, the chemical digestion of food is dependent on the secretion of a wide range of digestive enzymes, which are in the form of digestive juices, from the auxiliary organs of GI system (such as the pancreas) into the GI tract. Digestive enzymes hydrolyze macronutrients into absorbable small molecules whereas other components in the digestive juices provide optimal conditions for enzymatic reactions [8] . The dysregulation of GI motility and digestive enzyme secretion is likely associated with a wide range of pathological conditions in digestive function, with non-ulcer dyspepsia being one of the most commonly-occurring GI disorders [9] - [11] .
Herbal remedies are becoming increasingly popular as alternative treatment for GI disorders. Hawthorn (the fruit of Crataegus pinnatifide Bunge, Crataegus pinnatifida Bunge var. major N. E. Br. and Crataegus cuneata Sieb et Zucc.), citrus (the dried peel of Citrus reticulate), germinated barley (the fruit of Hordei germinatus), and honeysuckle (the flower of Lonicera japonica Thunb, Lonicera confuse D. C., Lonicera hypoglanca Miq. and Lonicerafulvoto mentosa Hsu et S. C. Cheng) are listed in the Chinese Pharmacopoeia (2010) [12] as herbal materials that can be used to promote digestive health. They are commonly consumed for both medicinal and dietary purposes. According to the theory of traditional Chinese medicine, these herbs can produce nourishing effects on digestive organs and are therefore aptly used to increase appetite and to treat digestive disorders such as epigastric distention, diarrhea, abdominal pain as well as relieving symptoms of dyspepsia [13] - [22] . Recently, the pharmacological activities of these herbs on digestive system have also been investigated. Oral administration of the aqueous extracts of hawthorn, citrus and honeysuckle were found to modulate the contractility of the GI tract and thereby improved GI transit and gastric emptying in animal models. The modulatory action of citrus on GI motility was likely mediated by antagonizing muscarinic acetylcholine and serotonin signaling pathways [13] - [15] [17] [19] - [24] . The beneficial effects of hawthorn, citrus, germinated barley and honeysuckle on digestive functions are also manifested in their ability to stimulate digestive enzyme secretion [13] - [24] . Long-term administration of hawthorn was also found to increase the activities of gastric/intestinal peptidase, intestinal amylase and intestinal lipase in mice, whereas citrus and germinated barley were shown to improve carbohydrate and protein digestions through undefined mechanism of actions [13] - [24] .
Hawthorn Nectar (HN), which is comprised of hawthorn, citrus, germinated barley and honeysuckle, is a health supplement for improving the wellness of the GI digestive system in humans. In the present study, we investigated the effect of HN on gastric emptying and postprandial intestinal motility by examining the retention of Evan blue-labeled chyme (partially digested food) in the GI tract of mice. The activities of digestive enzymes in gastric and pancreatic juice were also measured in HN-pretreated mice.
Materials and Methods

Chemicals
Evans Blue and N-benzoyl-L-tyrosine ethyl ester (BTEE) were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA). Methylcellulose and N-α-Benzoyl-DL-arginine-4-nitroanilide hydrochloride (BAPNA) were purchased from Sigma (St. Louis, MO). p-Nitrophenylmyristate was purchased from Wako (Japan).
Animal Care
Male adult ICR mice (provided by the Animal and Plant Care Facility of Hong Kong University of Science and Technology; 30 -35 g) were randomly assigned into 4 groups, with at least 12 animals in each. ICR mice were intragastrically administered with HN, at daily doses of 3.75, 12.5 and 37.5 g/kg (with human equivalent dose being 12.5 g/kg), 5 days per week for 4 weeks (i.e., a total of 20 doses). Control animals received the vehicle (i.e., water) only. Body weight and food efficiency were monitored weekly for mice until sacrifice. Food efficiency was calculated on the basis of the amount of food intake per gram of body weight gained during the course of experiment [25] . Animals were subjected to biochemical analysis 24 h after the last dosing of HN/ve-hicle. All 
Gastric Emptying
One hundred microliter of Evans blue (at a concentration of 50 mg/mL, dissolved in pre-warmed 0.9% NaCl (w/v) supplemented with 1.5% methylcellulose) was administered intragastrically in mice. Twenty minutes later, the mice were sacrificed. The stomach was clamped with strings, both above the lower oesophageal sphincter and beneath the pylorus, to prevent leakage of Evans blue. The stomach was then removed with the strings attached and was frozen at −80˚C until the measurement of gastric emptying. The extent of gastric emptying was determined spectrophotometrically by measuring the total amount of Evan blue retained in the stomach. The stomach of each individual mouse was excised and then homogenized for 5 complete strokes by a Teflon-in-glass homogenizer in 5 mL of 0.1 M NaOH. The homogenate was then incubated at room temperature for 1 h followed by centrifugation at 1 400 ×g for 20 min at 4˚C. The absorbance of the resultant supernatant was measured at 570 nm (A 570 ). Evan blue content in stomach of mouse sacrificed immediately after intragastric administration of Evan Blue served as standard reference (i.e., complete retention). Percent gastric emptying was estimated by the equation:
Postprandial Small Intestinal Motility
Postprandial small intestinal motility was measured by noting the migration of Evans blue from the pylorus to the most distal point of migration 20 min after Evan Blue administration. The extent of Evans blue migration was expressed in percent transit as compared to the total length of the small intestine [27] . The intestine was divided into five equal segments and each of them was sonicated individually in 1 mL of 0.9% NaCl (w/v) for 1 h. The samples were centrifuged at 1400 ×g at 4˚C for 20 min. The absorbance at 570 nm of the resultant supernatant was measured. The geometric center of small intestine, which indicates the distribution and distance traveled by Evans blue, was then estimated as follow:
( ) 
. Preparation of Gastric and Small Intestinal Fluids
The abdomen of ketamine-anesthetized mouse was incised and the pylorus was clamped with a string. The abdominal incision was then sutured. Mice were sacrificed 2.5 h after the clamping of pylorus and the gastric fluid was collected by eluting the stomach with 0.7 mL of 0.9% saline (w/v) [29] [30]. This procedure was repeated once. Pooled gastric fluid was centrifuged at 600 ×g at 25˚C for 5 min, whereas small intestinal fluid, which was harvested by eluting the small intestine with 5 mL of 0.9% NaCl (w/v), was also centrifuged. Supernatants of both gastric and intestinal fluids were used for measuring digestive enzyme activities.
Gastric Pepsin Activity
Three hundred microliters of 2.5% hemoglobin (w/v) was pre-incubated with 75 µL of 0.3 M HCl at 37˚C for 10 min, followed by the addition of 75 µL of gastric fluid. For sample blanks, 750 µL of 5% TCA was added. The mixture was incubated at 37˚C for 10 min. To terminate the reaction, 750 µL of 5% TCA was added to the reaction mixture. The reaction mixture and sample blank were centrifuged at 13,400 ×g for 10 min. Absorbance at 280 nm of the reaction mixture was measured [31] [32].
Intestinal Trypsin Activity
Trypsin activity was assessed using BAPNA as substrate. Twenty millimolar BAPNA was dissolved in dimethyl sulfoxide (DMSO) to make up a stock solution, which was diluted to 1 mM using 50 mMTris-HCl, pH 8. 
Intestinal Amylase Activity
Amylase activity was measured by starch-iodine method. Eight microliters of 1% starch solution (w/v) and 5 µL intestinal fluid was incubated at 37˚C for 30 min. After incubation, 30 µL of 1 M HCl was added. An aliquot (150 µL) of iodine reagent (5 mM I 2 and 5 mM KI) was added and the reaction mixture was centrifuged at 20,000 ×g for 1 min. Absorbance at 600 nm of the reaction mixture was measured [37] .
Intestinal Lipase Activity
Intestinal lipase activity was measured using p-nitrophenylmyristate as substrate. Fifty microliter of 100 mM ammonium bicarbonate solution (pH 7.8), 7 µL diluted intestinal fluid, 100 µL detergent solution (1% Triton-X 100 in 100 mM ammonium bicarbonate, pH 7.8) and 8 µL of 10 mM p-nitrophenylmyristate (dissolved in absolute ethanol) were incubated at room temperature for 15 min. Absorbance changes at 405 nm of the reaction mixture was measured at 37˚C for 15 min [38] - [40] .
Statistical Analysis
All data were expressed as mean ± standard error of the mean (SEM), unless otherwise specified. Data were analyzed by one-way analysis of variance (one-way ANOVA), unless otherwise specified, and inter-group differences were detected using the Tukey range test, with p < 0.05.
Results
Long-term treatment with HN produced no detectable changes in body weight and food efficiency in mice (supplementary material: Figure 1 and Table 1 ). Long-term treatment with HN increased the extent of gastric emptying in mice, with the degree of stimulation being 26% to 28% (Figure 1) . Long-term administration of HN, at daily doses of 3.75 and 12.5 g/kg, significantly increased gut motility in a dose-dependent manner, as indirectly indicated by increases in intestinal transit (5% to 24%) and intestinal geometric center (6% to 15%) (Figure 2(a) and Figure 2(b) ). The high dose of HN did not produce a detectable change in gut motility (Figure 2) .
HN dose-dependently stimulated intestinal amylase and lipase activities, with the extent of increase being 13% and 44%, respectively, at 37.5 g/kg (Figure 3(d) and Figure 3(e) ).While no detectable changes were observed in gastric pepsin and intestinal chymotrypsin activity in HN-pretreated mice, the activity of intestinal trypsin was suppressed by HN pretreatment, with the extent of inhibition being 16% to18%, but the suppression was not dose-dependent (Figures 3(a)-(c) ).
Discussion
Results obtained from the present study showed that long-term treatment with HN increased the extent of both gastric emptying and postprandial intestinal motility in mice, as evidenced by the shortened retention time of Evan blue-stained chyme in the GI tract of HN-pretreated mice. Coordinated movements of the stomach and small intestine, which are modulated by both hormonal and neuronal regulation, are required to propel and mechanically break down ingested food in the GI tract [2] [3] [8] . The process also facilitates chemical digestion by mixing ingested food with digestive enzymes in gastric and pancreatic juices [2] [3] [8] . In this regard, abnormalities in the GI motility were associated with impaired digestive functions and a wide variety of GI disorders, among which delayed gastric emptying, also known as gastroparesis, and weak contraction of small intestine was pathological conditions resulting from decreased GI motility [1] [9]- [11] . Patients suffer from the aforementioned impairments in GI function exhibit symptoms such as stagnation with fullness in the chest, abdominal bloating, nausea and reduction in appetite, with the resultant development of malnutrition [9] - [11] . Based on the present experimental findings, HN may therefore be consumed to relief the related GI disorders by virtue of activation of gastric emptying and postprandial intestinal motility. Besides, while there was an increase in the extent of GI motility in HN-pretreated animals, gastric emptying and postprandial intestinal motility were found to show opposing responses towards different doses of HN pretreatment. The observation was likely explained by the feedback control of gastric emptying by the presence of chyme in the duodenum (also known as duodenal brake), jejunum and ileum of the small intestine, which aimed at ensuring complete digestion and nutrient absorption by controlling the entry of chyme into the small intestine [8] .
HN pretreatment was also found to stimulate intestinal amylase and lipase activities. This suggests the potential role of HN in improving carbohydrate and fat digestion in the small intestine, which is the major site of food digestion and absorption. The HN-induced activation of intestinal amylase and lipase activities was associated with a slight but significant suppression of intestinal trypsin activity. While transient inhibition of intestinal trypsin activity unlikely produced detectable effect on the digestive function of GI, intestinal trypsin was identified to be one of the key regulators of intestinal digestive enzyme secretion [41] [42] . In this regard, intra-duodenal trypsin or intestinal trypsin perfusion dose-dependently decreased intestinal digestive enzyme secretion by inhibiting the release of cholecystokinin, an intestinal hormone that promoted GI digestion [41] [42] . Therefore, our finding that the HN-induced suppressive effect on intestinal trypsin activity may implicate an increase in the content of digestive enzymes in the small intestine, which is consistent with the beneficial effect of HN pretreatment on GI digestion.
Conclusion
Long-term treatment with HN increased the extents of gastric emptying and gut motility in mice. While HN pretreatment stimulated intestinal amylase and lipase activities in mice, the gastric pepsin and intestinal chymotrypsin activities remained unchanged. However, the intestinal trypsin activity seemed to be suppressed by HN pretreatment.
